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ABSTRACT

Uranium enrichment is now, in particular in
France, an important industrial field. To make this
possible a formidable challenge had to be met in the
development of inorganic porous barriers - either
ceramic or metallic.

Towards the end of the seventies the CEA
(Commissarriat à l'Energie Atomique - (French) Atomic
Energy Commission) and its principal industrial partners
were quick to realise that, due to the capabilities
they had acquired, a wide range of these products had
considerable potential for the improvement of
filtration techniques in liquid media (ultrafiltration
and microfiltration) . This is how a new generation of
inorganic membranes was created (up to this tine the
membranes consisted exclusively of organic Materials) £
reputed for their performance and especially for their Ç
lifetime and their behaviour (mechanical and o

temperature stability, corrosion resistance). These £
membranes now have a respectable position in *
applications in the the agro-food biotechnology 5
industries, to give only two examples.

"O

There is now a growing interest in inorganic £L
membranes, an interest which justifies the holding of H
the first world conference specifically devoted to S
these membranes: this conference takes place in q
Montpellier. The industrial applications that we see
today are the result of technology transfer fro» the Ï
nuclear energy field to the industrial sector: in fact, §
it is the remarkable performance of the inorganic _
membranes developed by the nuclear industry that makes TS
it possible for them to have a large share of a highly ***
competitive market.

Before the non-nuclear applications of inorganic
membranes are presented, their success in the nuclear
power industry will be pointed out.



The Enrichment of Uranium

Before being used in the fabrication of fuel for
light water power reactors uranium must be subjected to
a specific physical-chemical process: isotopic
separation. Natural uranium is a mixture of two very
nearly identical atoms: uranium-238 and uraniura-235.
These two atoms, these two isotopes of uranium, differ
in their nuclear properties: only the 235 isotope is
fissile and, consequently, provides the energy in a
nuclear reactor. The uranium-235 has a concentration of
only 0.72 % in natural uranium; its concentration must
be increased to a value of about 3.5 % for fuel
fabrication and its use in nuclear reactors. Thus the
corresponding operation, isotopic separation, that is
the enrichment of the uranium in the 235~isotop«, is an
essential step in the use of nuclear energy (Pig,l). To
be more precise, a few numbers will be useful, Uraniu»
enrichment contributes approximately 10 % to the cost of
the production of a kWh and thus corresponds, for a
country such as Prance, to a turnover of several
thousand million francs per year.
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Figure 1 The nuclear fuel cycle: This schematic
shows the principal operations in the cycle for
prêta, .rised water reactors (PWR«, the »ajor type of
reactor in Prance). The amount* given correspond to the
fuel loading for approximately fifty reactors.
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There are presently two processes used in the
industrial enrichment of uranium: gaseous diffusion (in
more than 90 % of the world's production capacities) and
ultracentrifugation, both processes make use of a
gaseous uranium compound, uranium hexafluoride. In
France where the gaseous diffusion process is used In
the plants at PIERRELATTE and TRICASTIN there was,
in the 1960s and 1970s, an extensive research and
development program carried out by teams in the CEA to
improve the process [1].

To give a complete account, it is essential to
recall that nuclear weapons use uranium mainly as the
isotope 235 and that thus military programs also
require isotopic separation. It the enrichment
capacities needed by these programs are much less than
those for civilian programs they have nevertheless
played a key historic role: the Military requirements
caroe «bout earlier and prepared the way for the
technology that was later used for civilian needs.

Separation by Gaseous Diffusion

Isotopic separation and, thus, uranium enrichment
is comparable to a fractionation process. This is
because it involves the production, starting with a
natural isotopic mixture, of a mixture where one of the
isotopes has a higher concentration, and also,
consequently, of a mixture where this isotope has a
lower concentration. By analogy with a filtration
operation, the first (the enriched mixture) is
comparable to the filtrate (or permeate) and the second u
(the depleted mixture) to the residue (or retained *
material). The use of these operations can be shovn by *
means of the diagram in figure 2: the mixture to be g
separated is injected at high pressure at the interior J
of the filter, for example, a porous tube; a fraction of £
the mixture is collected at the exterior of the tube j*
after passing through the filtering membrane ^
(traditionnally called a barrier in uraniua enrichment), g
the other fraction in collected fro» the interior. In *"'
nearly every case this operation must be repeated; "
thus«in uranium enrichment there are more than a 2
thousand stages in series. "*

In fact, taking the molecular mechanisms of £
filtration operations and isotopic separation into *
account, it is difficult to push the analogies very far. ii
The simplistic but useful analogy of a flou through a £
filter with holes smaller than the enzyme that can be
used to represent a filtration for, e. g., the
extraction of enzymes from a solution, cannot be applied
to isotopic separation. In the latter case the species
to be separated are practically identical and a size
effect cannot be used to provide an account of the
separation. The basic nechanisa of isotopic separation
by gaseous diffusion can be easily derived fro» the
kinetic theory of gases and is shown schematically in



Figure 2. It 10 known that in a gas at thermal
equilibrium all the molecules have the same kinetic
energy; in an isotopic mixture the light Isotopes thus
have slightly higher velocities than the heavy isotopes.
This is expressed quantitatively by GRAHAM's Law (1846)
which states that the velocity is inversely proportional
to the square root of the mass of the molecule. This
law holds only for gases at sufficiently low pressures,
we will come back to this point. The ratio of the
velocities of the two uranium isotopes in the form UF« ,
through a single membrane, is of the order of 1.004.
This is the reason for the use of a large number of
membranes In series to reach the required rates of
enrichment [2] .
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Figure 2 Model of separation by passage through a
porous tube. In diffusion, the flow of the gas obeys
Graham's law and is, thus, inversely proportional to the
square root of the mass of each molecule. In filtration,
the flows are governed by the respective sizes of the
molecules and the pores.

o

As the mechanisms of molecular filtration and
isotopic separation are so different there is nothing to
indicate, a priori, that the materials and the ways
they are used in the two types of applications should be
the same. This is, however, the case as will appear
later In this paper. As we recalled above, extensive
research and development work was carried out at the
CEA under the direction of Claude PREJACQUBS in the 60s
and 70s on developing and perfecting the barriers now
installed in the plants at PIERRKLATTB and TRICASTIN
(BURODIP) . This work made it possible to overcome the
many technical difficulties that had to be solved in
the development of porous ceramic, 1. e. metallic oxide,
barriers.

The technology that wa* thus developed made
possible the Impressive success of the production of the

»>-<

-4

*•
h-<
o*



more than 100 million porous barriers, with a total
surface area of more than 4 million m1, installed in the
Georges BESSB plant (EURODIF) .

Separation barriers, high technology components

The design and the properties of the barriers used
for uranium enrichment are the result of several
compromises. Naturally, we wish to have a good yield in
the basic isotope separation but we also wish to
maximize the rate of gas flow through these barriers. In
fact, this flow rate determines the dimensions of the
installation and, taking everything into account, its
economics. A high flow rate is obtained by as high a
proaaure as possible as well as by high permeability, i.
«,, a large number of pores per cm* and a small barrier
thickness. The difficulties quickly appear; * large
separation factor and a high pressure require very small
diameter pores. In fact, the pore diameters required are
less than the average distance between molecular
collisions (mean free path), a distance which is
inversely proportional to the pressure. In addition, a
high pressure and a small barrier thickness are
incompatible because of mechanical resistance. All
these difficulties and incompatibilities have benn
progressively solved by the concept of a composite
barrier where the incompatible roles (separation
efficiency, mechanical strength) are given to different
layers.

The structure of a composite barrier is shown
schematically in Figure 3. We can see the support layer
for the mechanical strength, the thin or sensitive layer •"
which is responsible for the isotopic separation and a 5
layer with an intermediate texture which must be o
inserted between the first two. This arrangement is 5
necessary to have mechanically stable composite barriers *
with well defined properties. Some completed barriers 5
are shown in Figure 4. In addition, typical parameters "̂
for the uranium hexafluoride gas mediun as a function of »
the size of the pores in the thin layer (typically 30 to ~
200 Angstroms) are given in Table I. »

I
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Figure 3 Structure of a composite barrier. The
design developed for uranium enrichment assigna the
incompatible roles of separation and mechanical
resistance to different layers. In this example the
structure is obtained by using several layers that are
chemically homogenous but have different particle sizes.
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Figure 4 Example of gaseous diffusion barriers.
Cylindrical geometry was used, vainly to provide
•echanical strength. The thin layer is deposited inside
the tube which is the high pressure region.



Table I: Examples of the normal characteristics of
barriers used for the isotopic enrichment of uranium

hexafluoride, UP», by gaseous diffusion.

Separating layer UP»
pore radius pressure temperature mean free path
Angstroms bars °C Angstroms

30~ to 80 1,3 to 3,3 80 to 200 90 to 230

100 to 200 0,4 to 1,05 65 to 100 270 to 850

To assess what has been acquired in the years of
research and development that we mentioned above it is,
of course, necessary to go beyond the design and to
discuss the techniques of barrier fabrication.

The material used for these porous barriers waa not
chosen without a large number of tests. The adoption of
cwramic materials for the diffusion barriers is a
specifically French choice (as the diffusion barriers
used in the USA appear to be of a different type) . One
of the advantages of ceramic materials (for example, of
alumina, AliO?) is that they lend themselves to a wide
range of fabrication techniques. This makes it possible
to meet the specifications for high technology porous
materials. The techniques of powder metallurgy are
widely applied (essentially the production of dense
components by thermal compacting, i. e. by sintering
(3]); also techniques based on the older traditions of
the art of ceramics, such as slip casting (the ^
deposition of particles that are initially in suspension g
in a liquid on a porous substrate). To make this clearer 0

some of the operations carried out to obtain barriers or ?
ceramic membranes are presented her* in much simplified J»
terms. 5

*

It is first necessary to prepare finely divided Jf
powders that are exceptionally homogeneous. The £
traditional mechanical technique* (grinding and w

sieving), even if they &re still useful, are g
insufficient; for the finest powders. Techniques based on J
the thermal decomposition of complex compounds provide
powders with several hundred m1 of specific surface per «
graa of powder. The sol-gel technique also now seems <£
very promising (see Insert) [4]. *

Subsequently these powders must be put into the ^
appropriate forms, for example by mixing with a binder %
to form a paste then extruding this through a die.
Techniques for the simultaneous extrusion of pastes of
different particle sizes have been developed [5J : with
these it is possible to produce two layer structures for
composite membranes in a single operation. The
techniques of slip casting, already mentioned above,
allow us to produce layers with a very small thickness



and very fine particles by deposition on a substrate.
Heat treatment» are involved in all the phases of the
production. These have several roles, including
elimination of the binder and compacting, by sintering
at the different stages of the production process. The
improvements in the heat treatments are due more to
experience (trial and error) than to strictly scientific
methodology: a large part of the "secrets" of the
manufacture of porous ceramics are based on these.

These developments would not have been able to be
obtained without parallel work on the techniques for
physical-chemical and structural studies of porous
barriers. These techniques are now available on a
routine basis after significant improvements in
instrumentation [6,7], We are going to show that this
work has produced advantageous results in fields
different from those for which it was originally
intended.

Micro and ultra filtration

Since the beginning of the seventies the
constraints imposed by the cost of energy and raw
materials have led to the optimisation of the processing
and recycling of industrial liquids and gases; as a
result there is a great demand in many fields for
separation processes that are efficient, reliable and
inexpensive; this is where filtration techniques find a
place. Among these, micro-filtration is the separation
of molecular constituents with diameters between 100 and
10,000 nm (0,1 to 10 p), while ultrafiltration concerns
Che separation of constituents with diameters between 1 •"
and 100 nn> (Fig. 5) . These techniques have gained an §
important place in a large number of industries, among o
these there are, in particular, the agro-food, the i»
pharmaceutical and the engineering industries. *

"X.

Two types of porous membranes can be used in the "
applications of ultra- and micro-filtration: on one »
hand, organic membranes, i. e., those consisting of —
polymers; on the other hand, inorganic membranes, »
including metals and ceramics. The inorganic membranes £
cost more than the organic membranes but are •<
indispensable for certain applications due to their
special properties: in 1983 the inorganic membranes "9
accounted for 8 % of the 300,000 m1 of membranes £
installed worldwide, not including the 4 million» m* of ^
barrier» in the BUKODIF plant. The applications of 7̂
membrane separation technology are bound to diversify <**
and to grow in the future; this evolution will in all
probability be to the profit of the inorganic membranes
with the special properties that we cited above: good
resistance to high temperatures and pressures and to
extreme pH conditions, and chemical and mechanical
stability. All of these are conditions that are not
satisfactorily met by the organ.lc membranes (Table II) .



Barriers as membranes

The barriers that were initially developed for the
requirements of isotopic separation by gaseous diffusion
have proved themselves to be particularly effective in
the fields of micro- and ultrafiltration. More
precisely, the support layers shown in Figure 3 (pore
radii from 2000 to 10,000 nm) make up the membranes for
microfiltration, while the sensitive layersfpore radii
from 3 to 20 nm) , shown in Figure 5, have properties
close to those required in ultrafiltration. This
coincidence may be fortuitous but it has been put to
good use.
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Figure 5 Pore sizes characteristic of the
different applications of molecular filtration
techniques; th« pore dimensions in the barriers
developed for the requirements of isotopic separation of
uranium allow different separation applications in
fields going from biotechnology to heavy industry.



Table II Advantages of Inorganic membranes in micro-
and ultrafiltration application

Milk and beverage good resistance to cleaning
industries in alkaline media

Biotechnology and steam sterilisation
pharmaceutical industries

Textile, engineering high temperature
and paper industries resistance

Oil industry high temperature and solvent
resistance

Other applications chemical, mechanical and
thermal resistance

New markets - new techniques

The industrial use of these barrier membranes
depends on several technical-economic parameters in a
market in a state of rapid development where heavy and
small and medium industries coexist. The following
description is not, thus, exhaustive but aims at
presenting some concrete examples of the application of
inorganic membranes.

In this outline the fields that have an interest in
micro- and ultrafiltration can be divided into three
categories: agro-food industries, among which we will
see that the milk industry plays a key role;
biotechnologies; engineering industries, textiles and
paper.

The milk industry (8] is an example of the
development of of an intermediate product industry , a
development made possible by the decisive contributions
of ultrafiltration by inorganic membranes, contributions
which have led to the appearance of new products.
Among the innovations brought about by ultrnfiltration
we can cite the standardisation of milk by correcting
for the seasonal variations of the protein content and
the recuperation of the products in the lacto-serun
which were lost by the traditional techniques of
draining. These include proteins that can be used in
infant feeding and lactose that can be treated to
provide substitutive sugars. This application has
reached industrial aaturity since in 1982 140,000 tonnes
of cheese were produced world-wide by the
ultrafiltration of milk and the obtaining of a liquid
precheese. The decisive advantage that allowed inorganic



membranes to gain in this sector ia their resistance to
the daily cleaning at 90 °C.

Still in the agro-food sector, numerous traditional
operations in the beverage industry have been replaced
by filtration techniques, but in contrast to the milk
industry there have not been any changes in the final
products. For example, ultrafiltration can ensure the
clarification of apple juice that is normally carried
out by the chemical hydrolysis of the pectins contained
in the raw juice: the elimination of the pectins by
ultrafiltration makes it possible to sterilise the fruit
juice in the same operation (the undesirable bacteria
are retained on the filter), and to limit the losses of
fruit juice in the course of successive opeiations (91-
This application is but one example of the enzyme
reactor: in fact, in the rapidly advancing field of
biotechnologies by using ultrsfiltration techniques
coupled with enzyme reactions we can «t any time adjust
the chemical composition in the reactor, that is, the
vessel where the desired chemical reaction takes place.
This adjustment can thus be made without interrupting
the operation of the reactor, which makes it possible
to maximize the productivity and ensures the sterility
of the final product by limiting direct contact during
the production process. An example of a possible design
of such a reactor for fermentation is shown in Figure
6.

The main application of ultrafiltration in the
engineering industries is in the recuperation of
electrophoretic paint used as an anti-corrosion coating
in the automobile industry. It also makes possible the
processing and the recycling of lubricating oils u
(Total-CEA Régélub Process) . The contribution of the J
inorganic membrane in this application ia its resistance **
to the high process temperatures (300° C) (Fig. 7). Q

In the textile industry ultrafiltration allows the 5
recuperation of adhesives and dyes; in the paper ,z

industry pilot plant test» carried out since 1984 have >*
shown the possiblity of recuperating the lignin and the *
lignosulfonates that are considered as raw materials in *"*
the chemical industry (10]. 2
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Figure 6 Diagram of the principle of a membrane
enzyme reactor. By the use of ultrafiltration membranes
It is possible to carry out continuous extraction of the
reaction products and to optimise, at any time, the
chemical composition in the reactor.
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Figure 7 Pilot plant for the regeneration of used
motor oils (capacity 5000 tonnes/yr).

Finally, we could have a full circle in coving
back to the nuclear industry: new applications of



ultrafiltration for the elimination of corrosion
products in the cooling circuit» of nuclear power
reactors are now being studied. The extremely severe
conditions which the membranes used must withstand
(corrosive medium, 300° C, 150 bars) make this
development a preferred application for porous inorganic
membranes,

Commercialised inorganic membranes

There are five principal suppliers of inorganic
membranes for ultrafiltration and raicrofiltration:
NORTON USA in the USA,, TOK ELECTRONIC in Japan and
TECH-SEP (ex SFEC), SCT-ALCOA (ex CERAVER) and Le
Carbone Lorraine in Prance.

SFEC, an affiliate of the CEA, with the Carbosep
division working in the membrane field, has been taken
over by RHONE-POULENC since November 1,1987, as part of
the subsidiary TECH-SEP. This company, i, e. SPEC,
commercialised, in 1980, the CARBOSEP membrane which
consists basically of zirconium oxide, or zirconia,
deposited on a porous carbon support. For the production
of this membrane SPEC used a Union Carbide technology
combined with the know-how and the expertise in the
processes obtained in the development and the
installation of the French gaseous diffusion plants.
The CARBOSEP membrane is operational in a pR range
between 0 and 14, maximum temperatures of 300° C and
pressure differentials across the membranes up to IS
bars.

Owing to its properties, 3000 a1 of the CARBOSEP
membrane were in use at the end of 1984, mainly in the
milk and biotechnology industries. o

In 1984 the CERAVER company put the MEMBRALOX £
membrane on the market: it consists of a porous block of *
alumina with multiple channels, covered with a thin ^
separating layer of alumina; the filtration radii can be g
adapted to the envisaged application (Pig. 6), CERAVBR •
waa an affiliate of CGB (Compagnie Générale
d'Electricité) which was directly involved in the
production of the supports for the gaseous diffusion "
barriers. The Céramique Technique work including the
membranes has been separated in a subsidiary, Céramique
et Technique, controlled by the ALCOA company since the
end of 1986 [11] .



Research on the inorganic membranes

The necessity of having membranes available thai
can be adapted to each particular process as well as the
wish to optimise the technical-economic performance of
the existing membranes are the bases for the present
research in the field of micro- and ultraf il tration with
inorganic raemmbranes. This research is concerned with
the understanding of transfer phenomena, the development
of new membranes and, finally, with the improvement of
the processes

The major technical questions to be answered concern
decreasing the corrosion sensitivity of the membranes,
the improvement of their thermal and mechanical
resistance, limiting clogging phenomena (pore
obstruction), and, of course, the improvement of their
separation capabilities in order to make use of the
properties of inorganic membranes in new fields.

In France, several organisations are carrying out
research on understanding the phenomena of transfer
across porous membranes. The "membrane" groups of the
CNRS (Centre National de la Recherche Scientifique -
National Center of Scientific Research) met in '86 with
their counterparts in the CBA within two GRECO
"Artificial Membranes" and "Evaluation of Membrane
Processes". The vocation of these "Coordinated Research
Groups" is all of the basic research that can give a
better understanding of diffusing substance-membrane
interactions. Another joint organisation is the BDF
(Electricité de Prance) membrane club which aida the
exchange of information between its members £•
(universities and industrial organisations). |

The inorganic membranes of the future will result £
from the collaboration between industrial and university <C
laboratories. Several research studies are being £
carried out on, in particular, the techniques of the
production of fine powders. This is done, for example, y
by the deposition of layers of a micro-porous oxide by £L
the sol-gel process (see Insert) on ceramic supports. H

These studies also include all the methods allowing the H
use of metallic supports. The CBA has patented *f
modifications of the hydrodynamics of solutions that are
filtered in the interior of tubes: tubes that are J
internally buckled or grooved promote the formation of »
turbulent flow near the separating layer with a _-
resulting decrease in the blocking of the pores with £
time [12] . Recently, new membranes consisting of <£
zirconium oxide (zirconia) deposited on a stainless
steel support have appeared: such membranes are intended
for corrosive media; among these we can cite the water
in the cooling circuits in nuclear power reactors
UOO'C), or the solvents used to eliminate the heavier
hydrocarbons in the oil industry.



Finally, the rational use of inorganic membranes
has taken place and still takes place by design and
optimisation studies of the physical-chemical processes
in which these membranes will be used. Right now,
inorganic membranes, like organic membranes, are
commercialised as individual units, the separation
modules; in this form they can be installed in existing
"LPage 15 industrial processes. For the future, any new
more ambitious use of inorganic membranes implies a
rationalisation of the ensemble of the industrial
processes involved in order to obtain the maximum
benefit from the special advantages of micro- and
ultrafiltration by inorganic membranes.

In the past this development allowed the nuclear
industry to meet a formidable energy challenge by the
perfecting of new materials and processes. Today, this
same success has relegated the preoccupations with
energy availability to the background, but, as a paradox
that is found in the history of technology, the
materials resulting from this research make up a source
of new separation techniques that are more productive
and more energy efficient than the traditional
processes.

INSERT

New techniques for the production of thin films

The quality of ceramics, and in particular of
porous ceramics, is, to a large extent, determined by
that of the fine powders that are used as the starting
point in the production process; among these the most
conventional is sintering, that is the compacting by
heat treatment at temperatures above 1000° C. The aim
of the research now being carried out by all the
organisations concerned with ceramic membranes is to
have techniques that provide powders consisting of
grains as spherical as possible, with snail diameters
(typically a few hundreths of aicrons) and of high
chemical purity. The sol-gel technique patented by the
CEA in 1977 contains developments that are particularly
promising in this field.

The sol-gel techniques

The material making up the active layer can be
prepared in the for» of a colloidal suspension. This
technique, called sol-gel, makes it possible to obtain
uniform grains, that are in general less than a «icron.
The general principle is to treat a "gel*, for example
insoluble aluminum hydroxide, with an acid: the
reaction produces electric charge carrying particles
all with the same sign: these charges repel each other
so that the particle* produced cannot agglomerate and
stay in colloidal suspension ("sol"). These particles
are very reactive and can be used to produce layers at a
lower température (500 to 1000 °C) than the conventional
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powders (greater than 1000 *C). The technique of slip
casting can also be used.

This method, developed for the improvement of
layers of alumina, has been extended to silica, zirconia
and titanium oxide. Here again the thin layers
prepared by slip casting, starting with a colloidal
suspension, are finer, more homogeneous and adhere
better to the support layer.
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